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Abstract
Raman spectrsocopy was used to study boundary lubricant films. Dodecane, hex-
adecane, and stearic acid films on a silicon disk were studied. Friction tests were
performed using these lubricants for sapphire and steel sliding on a silicon disk. The
friction behavior was correlated with the Raman spectroscopy data. The bulk spectra
of the lubricants were compared with the spectra of the lubricants adsorbed on the
silicon surface. An apparatus was constructed which allowed the Raman spectrum of
the lubricant under shear at a contact point to be gathered. The angle of the princi-
pal crystal directions of the silicon surface relative to the laser beam polarization was
changed, in order to determine the direction of lubricant orientation. The lubricant
appears to be oriented at a 450 angle to the principal crystal directions in the valleys
between Si atoms on the surface. The lubricant molecules may lie in these valleys,
and orient themselves independent of the sliding direction. More studies need to be
conducted to confirm these results.
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Chapter 1
Introduction
1.1 Problem Definition
Boundary lubrication is common in lubricated sliding systems under conditions of
low speed, high normal load, and insufficient lubrication. In all these cases, a conti-
nous lubricant film cannot be achieved, resulting in a state between full lubrication
and dry sliding. Boundary lubrication is common in many systems used today, such
as magnetic recording systems, micro-electromechanical systems, biomechanical sys-
tems, electric contacts, and so on.
The issue of boundary lubrication was first raised by Hardy [13] in 1922. In
boundary lubrication, the lubricant film is not thick enough to entirely separate the
two surfaces sliding over each other, as in hydrodynamic lubrication. Consequently,
the friction coefficient depends not only on the lubricant but the composition of the
two surfaces as well. Early studies were done to measure the effect of lubricant chain
length [3] and the type of lubricant molecule [5] on the friction force. While much
empirical evidence is shown in these studies, there is no basic understanding of why
one type of molecule is a better lubricant than another. Also, there is a lack of
the fundamental understanding as to why a particular compound may lubricate one
surface well, but not another surface of a different composition.
The role of temperature in boundary lubrication is a well understood phenomenon.
Early work in this area was done by Tabor [34] in 1940. The sudden change in friction
coefficient due to a rise in the temperature above a certain level has been attributed
to the desorption of lubricant from the surface. In the process of desorption, the
bonds between the surface and lubricant are broken, with the resulting friction level
close to that for dry sliding.
Hardy put forth a model of boundary lubrication as two surfaces which are totally
separated by a thin lubricant layer. The model was later modified by Bowden and
Tabor [6], to take into account the area of contact which is not covered with lubricant.
In the latter case, the lubricant has been sheared off some areas of the surface due to
the friction force. The Bowden-Tabor model suggests that part of the friction force
is due to the shearing of the lubricant film, while the rest is due to the deformation
of the surface asperities at the solid contact points. Schematics of both models are
shown in Figure 1-1, where A, is the real area of contact and a is the proportion of
the contact area where solid-solid contact occurs.
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Figure 1-.1: Schematic of (a) Hardy's model and (b) Bowden and Tabor's model [6].
More recent work has focused on the properties of thin liquid films [7, 11, 12].
This research examines the portion of the friction coefficient due only to the shearing
of the lubricant film. At high pressures (above 1 GPa) the lubricant undergoes a
phase transition and behaves like a solid. The lubricant organizes itself into discrete
layers between the surfaces, and exhibits shearing behavior like that of a solid. The
shear strength comes from the sliding of molecules over each other in a confined
space which is only a small number of molecular diameters wide [11]. For small
spherical molecules, the confined space alone will organize the molecules into layers.
For longer chain molecules, a shear force is necessary for the separation into discrete
layers to occur. A model of this type of behavior is shown in Figure 1-2. The exact
orientation of the lubricant molecules depends of the properties of the lubricant and
the two surfaces. These studies considered an atomically smooth surface, which is
not present in the actual case of boundary lubrication. To what extent lubricant
molecules exhibit this solid-like behavior in the presence of asperities has yet to be
determined.
The model proposed by Gee et al. [11] is more comprehensive than those put
forth by earlier researchers. It considers the effect of sliding on the orientation of
the lubricant molecules. While sliding is thought to have an effect on orientation
of the lubricant, no conclusive empirical evidence has been provided to confirm this
hypothesis.
The previous work on boundary lubrication provides a good understanding of the
empirical behavior of boundary lubrication. However, many questions persist. Why
are some lubricants more effective than others? How are the lubricant molecules
oriented on the surface, and how does this affect the level of friction? Is it possible to
predict how a lubricant will behave without having to test it? A deeper understanding
of the phenomenon of boundary lubrication is required before these questions can be
answered.
1.2 Scope of the Thesis
This thesis is part of a larger project which employs both Raman spectroscopy
and molecular dynamics in studying boundary lubrication. The project uses in-
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Figure 1-2: Model for molecular orientations of lubricant molecules. The diagrams in
the bottom part of the figure are only a proposed scenario [11].
situ Raman spectroscopy to determine the orientation and structure of the lubricant
molecules at a sliding contact. The results of these experiments will be compared with
a molecular dynamics simulation, which models individual atoms and molecules. The
Raman spectroscopy data will therefore validate the molecular dynamics work.
Raman spectroscopy gives information on the vibrations of molecules. As the
local conditions of the molecules change, the Raman signal will change as well. Ra-
man signals on their own can be very difficult to interpret, so combining Raman
spectroscopy with molecular dynamics makes it a much more powerful tool. Numer-
ous studies have been done using Raman spectroscopy to determine the structure of
molecules on surfaces [32, 24, 15, 25].
Other types of spectroscopy have also been applied to the study of lubrication.
Lauer, et al. [22, 23, 20] used IR spectroscopy to study elastohydrodynamic lubricated
contacts. In these studies the IR signal was taken from the point of lubrication,
which was a technical first. Hsu [14] used IR spectroscopy to study the adsorption
of stearic acid on copper surfaces. This study used a free copper surface rather than
a contact, so it neglected the effect of the shear force on the lubricant. In addition,
the copper surface will mask some of the molecular vibrations of the stearic acid due
to the conductivity of the copper in the IR region. Westerfield and Agnew [39] used
IR spectroscopy to study the changes in the lubricant structure between periods of
shear with high temperature. A diamond anvil cell was used to simulate a boundary
contact point, which is a poor approximation because of the smooth nature of the
two surfaces.
Raman spectroscopy gives different information than IR spectroscopy, and it is
more sensitive to changes in pressure and temperature, making it a more useful spec-
troscopy to study boundary lubrication. Raman spectroscopy, however, can be more
difficult to use because of its small signal level.
Molecular dynamics have been used increasingly in the past few years to study
problems related to tribology. Early studies [21, 19] were limited to modeling the
adhesive force of friction. These studies did not provide the crucial information as to
how friction is generated on the atomic scale. Lupkowski and van Swol [27] simulated
the shearing of thin films, which is similar to recent the experimental work presented
above. Studies were also done to determine how two different species adsorb on a
surface [40], and how monolayers of lubricants orient themselves in the presence of
asperities [38]. Much work needs to be done to understand boundary lubrication with
molecular dynamics simulations.
This thesis deals with the Raman spectroscopy portion of this study. A test
apparatus was designed and fabricated which had a reciprocating point contact. The
normal load and sliding speed could be varied. The curved surface of the contact
was a quartz lens, which allowed the Raman spectra of the lubricant at the contact
point to be taken. The Raman spectra of various lubricants on a silicon substrate
(the other member of the sliding couple) under pressure and shear were examined.
These spectra were compared with those of the lubricant on a free silicon surface and
the lubricant in bulk. These data were correlated with pin-on-disk friction tests with
the materials used in the spectroscopy portion of the thesis.
This thesis provides a method by which the lubricant at a contact point may be
studied using Raman spectroscopy. The results presented here are only preliminary,
but they serve to show that the signal is indeed coming from the contact area of the
sample, and will make a first guess at how the lubricant molecules are bound to the
surface. Further work will include such methods as polarized Raman spectroscopy,
which will show the orientation of the lubricant molecules.
Chapter 2 outlines the theory of Raman spectroscopy which is necessary for the
understanding of the experimental technique. The experimental materials, apparatus,
and procedure are detailed in Chapter 3. The results of the basic friction studies and
the Raman spectra are presented in Chapter 4. A discussion of the results is given
in Chapter 5. The thesis concludes and gives recommendations for further study in
Chapter 6.
Chapter 2
Theory of Raman Spectroscopy
This chapter explains the aspects of Raman spectroscopy that are relevant to this
thesis. Raman spectroscopy is a vibrational spectroscopy, which means that it is
used to study the vibrations of molecules. These vibrations are affected by the local
environment of the molecule (i.e., temperature, pressure, neighboring molecules) and
the structure of the molecule itself. Different molecular vibrations will give different
peaks in the Raman spectrum. Also, the Raman spectrum is unique for every com-
pound, resulting in a molecular fingerprint. The first section of this chapter explains
how and why the Raman effect occurs. The next section presents how the Raman
spectrum gathered can be used to reveal information about the molecule. The fi-
nal section explains why Raman spectroscopy is well suited to study problems in
tribology.
2.1 Raman Scattering
The Raman effect was discovered by Sir C. V. Raman in 1928 [30]. He found that
molecules exhibit a weak inelastic scattering of light in the visible region, and at-
tributed this shift in the wavelength of the light to fluctuations of molecules from
their normal state.
2.1.1 Scattering of Light
In the visible region of light, there are two ways that a photon can be scattered by a
molecule: elastic or inelastic. In elastic, or Rayleigh, scattering, the scattered photon
has the same frequency as the incident photon. In inelastic, or Raman, scattering,
the frequency of the scattered photon is different from that of the incident photon.
Colthup [8] summarizes that Raman effect as: "The energies of the scattered photons
are either increased or decreased relative to the exciting photons by quantized incre-
ments which correspond to the energy differences in the vibrational and rotational
energy levels of the molecule."
The scattering of light is best illustrated with an energy level schematic, shown
in Figure 2-1. In Rayleigh scattering, the energy of the incident photon excites the
molecule to a higher energy state, and then the molecule returns to its original state,
emitting a photon at the same energy (frequency) as the incident photon. There are
two different types of Raman scattering, Stokes and anti-Stokes. In Stokes Raman
scattering, the incident photon also excites the molecule to a higher energy state.
The molecule then emits only some of that energy in the form of a photon, resulting
in the molecule ending up in an intermediate vibration/rotational energy level. The
frequency of the emitted photon is thus less than that of the incident photon by an
amount Av. The opposite happens in anti-Stokes Raman scattering. The molecule
starts out at an intermediate energy level, absorbs a photon, attains energy, and falls
back to a lower energy level, resulting in the frequency of the emitted photon to be
increased by an amount Av relative to the incident photon.
The Raman effect is very weak compared with the Rayleigh effect. Only 1 in 108
incident photons are Raman scattered. In addition, anti-Stokes Raman scattering is
much weaker than Stokes Raman scattering. This is because few molecules are in an
excited state before being hit by a photon. The relative intensities of the different
types of light scattering are shown in Figure 2-2.
Generally, the Raman shift is measured in wavenumbers (P), which is related to
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Rayleigh
Anti-Stokes
Raman
V +V
Stokes
Raman
V 
-V 1
Figure 2-2: Intensities of different types of scattered radiation.
Rayleigh
Scattering
Ir __ f
I a
the frequency in the following manner.
v= (2.1)
A c
In Raman scattering the magnitude of the wavenumber shift of the scattered light is
independent of the frequency of the incident photons. Therefore, results from Raman
equipment using different laser excitation frequencies can be compared directly.
2.1.2 Molecular Vibrations
Every molecule has 3N degrees of freedom, where N is the number of atoms in
the molecule. In other words, each of the atoms may move in either the x-, y-, or z-
direction. Since three of these motions correspond to rigid translation of the molecule,
and three to pure rotation, there are 3N - 6 vibrational modes for every molecule.
It is important to remember that not all of the vibrational modes are Raman
active. Only some of these modes are Raman active, i.e., they exhibit the Raman
effect. Some may be IR active, Raman active, or totally inactive. A particular
molecular vibration is Raman active if the vibration changes the polarizability of the
molecule.
2.1.3 Polarizability
The polarizability of a molecule, a, is a tensor which is defined by the following
equation.
S=aE (2.2)
E is the external electric field applied to the molecule, and / is the induced dipole
moment.
Let the applied electric field be due to a photon with frequency Vo, so the amplitude
of the electric field is
E = Eo cos 2rvot (2.3)
If the polarizability of a molecule remains constant with respect to a particular vi-
bration, then the induced dipole moment is given by the following equation.
t = aoEo cos 21rv ot (2.4)
If a vibration of frequency v1 changes the polarizability of a molecule, then the
polarizability will be modulated at that frequency.
a = ao + ao cos 27rVt (2.5)
Substituting Equations 2.3 and 2.5 into Equation 2.2 gives the following.
i = aoEo(1 + cos27ruvt)(cos27rvot)
1 1SaoEo0 cos 27rot + -aoEo cos 2r(vo + vl)t +-aoEo cos 27r(vo - vi)t (2.6)2 2
Equation 2.6 describes all of the types of light scattering in the visible region. The first
term of the equation corresponds to Rayleigh scattering, the second term corresponds
to anti-Stokes Raman scattering, and the last term corresponds to Stokes Raman
scattering.
A more detailed explanation of this derivation is given in Vibrational Spectroscopy
of Molecules on Surfaces [41].
2.2 The Raman Spectrum
The Raman spectrum is a measurement of the different frequencies of light which have
been scattered by a sample. Every molecular vibration which is Raman active pro-
duces a peak in the Raman spectrum. The amplitude of the Raman shift corresponds
to the frequency of the molecular vibration. There are two steps to interpreting the
data in a Raman spectrum. The first step is to determine which molecular vibration
corresponds to a particular Raman band. This is called band assignment. Second,
the changes in the Raman spectrum as the sample encounters different operating
conditions must be interpreted.
The problem of band assignment is one which can be solved analytically, but usu-
ally not because of the amount of effort involved. For a typical lubricant molecule,
such as dodecane (C12H26 ), there are 108 separate vibrations, not all of which will
be Raman active. Using group theory, which takes into account the symmetry of
the molecule to eliminate identical vibrations, the problem is simplified, but is still
too time intensive to solve. Band assignment is done through literature, by using
the assignments made by previous researchers. Band assignment can also be done
empirically. The frequencies of some of the vibrations can be shifted by using the
deuterated species of molecules, because the mass of atoms involved in these vibra-
tions has changed.
The way in which the position of the Raman bands shift under changing conditions
also gives information about the molecular structure. A shift in the location of a peak
usually means that molecular bonds are already bent or stretched. Examining which
peaks are shifted when a molecule is adsorbed on a surface, for example, can give clues
as to how the molecule is oriented on the surface. Also, a sharp peak generally means
that the molecules are oriented is a uniform direction, as opposed to the randomness
of molecules found in a bulk solution.
The spectra of molecules adsorbed on a surface can be more difficult to interpret.
First, the vibrations of the molecule itself may change significantly due to the interac-
tion with the surface. In some cases, such as strong chemisorption, the motions of the
molecule are constrained, so the rigid translations and rotations now become vibra-
tions. The selection rules for which vibrations are Raman active may also change [41].
In the case of IR spectroscopy of molecules adsorbed on metals, the only vibrations
seen are those whose induced dipole moment is normal to the surface. This is due to
the fact that metals are nearly perfect conductors at that frequency, and mask the
induced dipole moment of the molecules [41]. In Raman spectroscopy, it is the fluc-
tuating polarizability which must be normal to the surface. However, Raman spectra
are usually taken in the visible region, where metals do not conduct as well. This
means that the vibrations whose change in polarizability are parallel to the surface
are not totally masked, but their Raman peaks are decreased in magnitude [41]. In
the case of a semiconductor, such as silicon, as the surface, this effect may be seen to
a lesser degree.
2.3 Raman Spectroscopy and Tribology
There are numerous reasons why Raman spectroscopy is a valuable tool for studying
tribology. This section will briefly present some of the more important features of
Raman spectroscopy which make it so useful. Raman spectroscopy will also be com-
pared with IR spectroscopy, which is the other popular type of spectroscopy used for
studying molecular vibrations.
As explained earlier, Raman spectroscopy is a scattering spectroscopy. The scat-
tered radiation from the sample can be collected at any angle. This gives the re-
searcher more flexibility designing the optics of the Raman system. Also, the samples
do not need to be transparent, as is necessary with IR absorption spectroscopy.
Raman spectroscopy is also not affected by the presence of water vapor or any
specific gases in the air, since water is a very weak Raman scatterer. Since the
environment of the sample does not affect the Raman signal, there is no need for
special sample chambers when taking Raman data. This is not the case with IR
spectroscopy, which is very sensitive to the presence of water vapor.
All of the above properties of Raman spectroscopy give the researcher flexibility
with the sample size and geometry. Raman spectroscopy also has a high signal to
noise ratio, even for small sample sizes. This gives the researcher the ability to study
thin films, which are present in boundary lubrication.
Furthermore, Raman peaks are pressure and temperature sensitive. This gives
clues as to how the structure of the molecule changes when pressure and tempera-
ture change. Both pressure and temperature are important parameters in tribology
experiments.
Chapter 3
Experimental
This chapter describes the experimental part of the thesis. First, selection of the
materials used in the experiments is described, and the relevent properties of the
materials are given. In the next two sections, the apparatus and procedure for the
friction tests, using a pin-on-disk friction tester, and the Raman spectroscopy are
given. The results of these experiments are presented in the next chapter.
3.1 Materials
This section details the relevant material properties of the test materials and lubri-
cants used in this study. The mechanics of the contact interface between the sliders
and the silicon disk will be presented.
An AISI 52100 bearing steel pin was originally used as the slider in these exper-
iments. Many applications of boundary lubrication are for metals, and AISI 52100
steel is one of the most common steels used in bearings. For the spectroscopy part of
the experiment, it was necessary for one of the materials to be transparent. Thus, the
slider was changed to a sapphire ball, which has very good optical transmissivity in
the visible region. The sapphire ball did not perform well in the spectroscopy portion
of this thesis, since its shape makes it impossible to collect enough scattered radia-
tion from the sample to get a signal. The transparent substrate was switched to a
quartz lens for the spectroscopy measurements. The quartz lens is similar chemically
to the sapphire ball, so the friction results should be comparable for the boundary
lubrication of both materials. In all of the friction studies, the silicon wafers were
used as the disks, because they have a very good surface finish as-received and a
well characterized crystal structure. Silicon is also chemically stable. In addition,
single crystal silicon is being used more as a mechanical material [29], especially for
miniature mechanical components. A limited amount of work has been published on
the friction of silicon [4]. The silicon wafers were used in the friction experiments
as-received.
Three lubricants (dodecane, hexadecane, and stearic acid) were used in this study.
Dodecane and hexadecane are liquids at room temperature, and stearic acid is a solid
powder. Both dodecane and hexadecane are alkanes belonging to the paraffin series,
which are common components of mineral oil lubricants. Historically, stearic acid has
been used in numerous friction studies, and its behavior is well documented [5, 6].
3.1.1 Pins
AISI 52100 Martensitic Bearing Steel
The steel pins are 25.4 mm long, 6.35 mm in diameter, and the tip has a radius of
curvature of 5.56 mm.
The material properties shown in Table 3.1 were obtained from the Metals Hand-
book [1], with the exception of the hardness which was measured with a Rockwell
hardness tester. The data from the Metals Handbook are for quenched and tempered
AISI 52100 steel. The pins used in this study were made of martensitic steel, which
has different structure and properties than quenched and tempered steel. The values
given in Table 3.1 should only be used as approximations to the actual values.
The hardness was measured using the Rockwell C scale. The samples tested were
cylindrical pins, so a correction factor was added to the measured hardness. Three
pins were tested, and the hardness was measured 10 times for each pin. The mean
hardness was 56 HRC, and the standard deviation of the measurements was 0.67
HRC. For a 6.35 mm cylinder, the adjustments are given in Table 3.2.
Table 3.1: Mechanical properties of AISI 52100 quenched and tempered steel.
Property Value
Modulus of Elasticity [GPa] 205
Tensile Strength [MPa] 2015
Hardness [MPa] 5750
Ef (strain at fracture) 0.12
Table 3.2: Correction factor to the Rockwell C hardness of a 6.35mm cylinder.
Reading [HRC] Adjustment [HRC]
60 +1.5
55 +2.0
50 +2.5
The resulting hardness of the sample is approximately 58 HRC. This corresponds
to a hardness of 5750 MPa.
The chemical composition of AISI 52100 steel is shown in Table 3.3. These data
were also obtained from the same reference as above [1].
Sapphire
Sapphire, or single crystal alumina (A120 3), has excellent optical transmissivity (ap-
proxiamtely 85% in the visible region). It is most often used in optics, for example,
as an optical window which is subjected to high pressures. The sapphire balls used
as sliders were bought from Edmund Scientific. The balls were 6.35 mm in diameter.
The tolerance on the diameter is ±0.000635 mm and the sphericity is ±0.000635 mm.
Table 3.3: Chemical composition of AISI 52100 steel.
C 0.98 - 1.10
Mn 0.25 - 0.45
Si 0.15 - 0.30
Cr 1.30 - 1.60
I Element I Composition, wt.%
Table 3.4: Mechanical properties of single crystal alumina.
Property Value
Modulus of Elasticity [GPa] 434
Flexural Strength [MPa] :
at 25 oC 634
at 1000 oC 413
The sapphire balls used in these experiments are marketed as ball lenses. Sapphire,
or a-A120 3, has the corundum structure of a hexagonal crystal system.
The mechanical properties of sapphire are given in Table 3.4. The data were
taken from Engineered Materials Handbook [2]. The data were not complete because
sapphire is not often used as a mechanical material.
Sapphire is the second hardest crystal, with a hardness approximately 20,600 MPa
[29].
3.1.2 Disks
The silicon wafer disks were purchased from the Microsystems Technology Labs at
MIT. They are N-type (phosphorous doped) test grade wafers used for microchip
fabrication. The surface of the wafers is the (100) crystal plane of silicon. The wafers
have a diameter of 4" and a thickness of 0.51 mm. The manufacturer cut notches in
the wafer parallel to the [100] direction. The mechanical properties of single crystal
silicon are given in Table 3.5 [16]. The hardness was measured using a Leco DM-400
Vickers hardness tester, using a 300 gf load and an indentation time of 15 sec. Ten
measurements were taken, with a mean value of 10,325 MPa and a standard deviation
of 375 MPa. Silicon has a diamond (tetrahedral) crystal structure. The surface of the
wafer is the (100) crystal plane. The crystal lattice parameter of silicon is 5.43072A.
3.1.3 Surface Roughness
The surface roughness of the silicon wafer and the AISI 52100 steel pin was measured
with both a DekTek 8000 profilometer and a WYCO interferometer. The roughness
Table 3.5: Mechanical properties of single crystal silicon.
Stiffness Constants [GPa] :
C11 166
C12 64
C44 80
Hardness [MPa] 10300
Table 3.6: Roughness data for AISI 52100 steel pin and silicon wafer.
Measurement DekTek WYCO
AISI 52100 steel pin
Average Roughness [nm] 8.2 6.8
RMS Roughness [nm] 11.3 8.7
Peak-to-Valley [nm] n/a 42.3
Silicon Wafer
Average Roughness [nm] 0.95 0.45
RMS Roughness [nm] 1.15 0.54
Peak-to-Valley [nm] n/a 2.56
of the sapphire ball was not measured due to the fact that neither of these equipment
could measure the roughness of a spherical sample. The sapphire balls are ball lenses
bought from Edmund Scientific, and used as-received.
The surface roughness parameters measured were average roughness, RMS rough-
ness, and peak-to-valley roughness. The values obtained are shown in Table 3.6. The
DekTek scanned a length of 8.2 mm on the sample, and the WYCO interferometer
scanned an area 240 /im by 240 j/m.
3.1.4 Properties of Lubricants
This section details the physical properties of the three lubricants used in this study:
dodecane, hexadecane, and stearic acid. Information is given on their chemical prop-
erties and structure, their bulk properties, and their desorption behavior from sur-
faces.
Chemical Structure
Information on the molecular formulas and weights of the lubricants are given in
Table 3.7. The molecular structures of the lubricants are shown in Figures 3-1- 3-3.
The black circles represent carbon atoms and the white circles are oxygen atoms, with
hydrogen atoms not shown. The angles between bonds are assumed to be 1090 unless
otherwise noted.
Each of these lubricants are organic compounds, so their bond lengths and bond
strengths are well characterized. This information is shown in Table 3.8 [18].
Figure 3-1: Molecular structure of dodecane.
Figure 3-2: Molecular structure of hexadecane.
Figure 3-3: Molecular structure of stearic acid.
Bulk Properties
The bulk properties of the lubricants were obtained from Physical Properties of Hy-
drocarbons [9, 10]. The information relative to this study is given in Tables 3.9
and 3.10.
Table 3.7: Molecular formulas and molecular weights of lubricants.
Lubricant Molecular Formula Molecular Weight [g/mol]
Dodecane CH3 (CH2) 10CH3  170.34
Hexadecane CH3 (CH2)14CH3  226.45
Stearic Acid CH3 (CH2)16COOH 284.48
Table 3.8: Bond lengths and strengths.
Bond Type Length [nm] I Energy [kcal/mol]
C-C 0.154 82.6
C-H 0.109 98.7
C=O 0.125 174
C-O 0.131 85.5
O-H 0.096 110.6
Table 3.9: Bulk properties of lubricants, part I.
Lubricant Melting Point, Boiling Point, Density of Liquid,
K @ 1 atm, K kg/m 3
Dodecane 263.57 489.47 @ 250C, 744
Hexadecane 291.34 560.01 @ 280, 764
Stearic Acid 342.75 648.35 @ BP, 619
Table 3.10: Bulk properties of lubricants, part II.
Lubricant Surface Tension, Viscosity, Solubility in Water
N/m Pa-s
Dodecane @ 25 0C, 0.02493 @ 250C, 0.001407 @ 250 C, ppm(wt), 0.0037
Hexadecane @ 280, 0.02668 @ 280C, 0.00283 @ 250C, ppm(wt), 0.0009
Stearic Acid @ BP, 0.00792 @ BP, 0.0002 insoluble
3.1.5 Contact Mechanics
In order to determine the size of the contact between the slider and disk and the
pressure experienced by both surfaces, two analyses were made. The first analysis
was made using the Hertzian stress distribution for two spheres in contact. This
approxiamtion is flawed in that it assumes that the material is elastic everywhere,
which is not usually the case. Even if the surface of the contact point has only
deformed elastically, it is likely that there is subsurface plastic deformation. The
Hertzian stress distrbution usually provides a lower bound on the contact pressure
and an upper bound on the radius of the contact. The second analysis assumes
that the surface of the softer material has yielded over the entire contact area. This
analysis has some advantages: if the contact area is smaller than that predicted, then
the pressure must be higher than the yield pressure of the softer material, and the
material will therefore yield, increasing the contact area. An equilibrium is reached
when the pressure at the contact is equal to the yield pressure of the softer material.
However, this analysis also assumes that the materials do not work harden. The
Hertzian analysis will be presented first.
Hertzian Analysis
The Hertzian approximation for the contact area and pressure between two spheres is
used to determine the contact area and pressure for the substrates in this study. The
flat surface is considered to be a sphere with infinite radius. The equations giving the
radius of the contact, a, and the maximum pressure, po, are shown below [17].
1
a = (3.1)4 P1 + P2
3F
Po = 2ra2  (3.2)
where F is the normal load on the contact, pi is the curvature (radius -1 ) of the
sphere i, and ki is a material constant determined from Equation 3.3, with vi the
Poisson ratio of the material and Ei is the modulus of elasticity.
1-v 2kgi = E- (3.3)
The contact radius and the maximum pressure derived from the Hertzian analysis
are useful for two reasons. First, it was necessary approximate the maximum normal
load that the contact can withstand without plastically deforming. Second, the larger
the contact radius, the easier it will be to take the Raman spectrum of the lubricant
at the contact. An estimate of the contact area was needed. The results of this
calculation are shown in Figures 3-4 and 3-5 for varying normal loads.
Plastic Surface Analysis
As stated above, this analysis assumes that the stress everywhere at the contact point
is equal to the hardness of the softer material. The radius of the contact point, a,
can then be determined from the equation below.
a = (3.4)
For the steel/silicon pair, the steel is the softer material, with a hardness of 5,750
MPa. For the sapphire/silicon pair, silicon is softer with a yield strength of 10,300
MPa. Quartz (fused silica) has a hardness of 3100 MPa [2], which makes it the softer
material in the quartz/silicon pair. The radius of the contact area for varying loads
is shown in Figure 3-6.
As is seen from the analysis, the plastic surface analysis provides a lower bound
on the contact area, and the Hertzian analysis provides an upper bound.
3.2 Friction Tests
The friction behavior of the substrates and lubricants was studied in order to relate the
findings of Raman spectroscopy to tribology in general. All four lubricants were tested
using the silicon wafer as the disk and both the AISI 52100 steel pin and sapphire
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Figure 3-4: Radius of the Hertzian contact point as a function of applied load.
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ball as sliders. The steel pin is more indicative of sliding surfaces in tribological
systems, and forms the baseline case for the friction studies. Since the sapphire ball
was used as one of the substrates in the spectroscopy experiments, it was necessary
to understand its friction behavior as well.
3.2.1 Apparatus
The apparatus used to conduct these test was a pin-on-disk tester. A schematic of
the tester is shown in Figure 3-7.
Figure 3-7: Pin-on-disk friction tester
The flat substrate sat on the bottom of a shallow dish, which could be filled with
lubricant. The sample was held in place by two clips which were tightened with
screws. The entire dish rotates at a speed set with the motor controller.
The pin was held by an arm which was free to pivot horizontally. A counterbalance
connected to the arm allows for the entire arm assembly to be balanced, and therefore
exerted no force on the sample until a load is applied. A deadweight load was applied
directly above the pin.
The tangential, or friction, force was measured with four strain gages wired to-
gether in a Whetstone bridge circuit. The strain gages were mounted on the arm, in
a place that had been machined narrower than the rest of the beam (see Figure 3-7).
The bridge circuit was connected to two potentiometers which allowed the bridge
circuit to be balanced. This means that when there was no tangential force, there
was no voltage across the bridge circuit.
The output from the bridge circuit was connected to a chart recorder. This gave
a record of how the friction force changes with time. The coefficient of friction was
calculated by dividing the friction force by the normal force.
3.2.2 Procedure
This section outlines the procedure for running a series of pin-on-disk tests. For each
combination of pin, disk, and lubricant, a number of tests were run, varying both the
speed and the load. For each test, a separate wear track was used (i.e., the radial
position of the slider was changed). In the case of the steel pin, a new pin was used for
each test. With the sapphire ball, the ball was rotated so a new area was in contact
with the silicon wafer.
Before each series of tests, two things were done to calibrate the measurements.
First, the bridge circuit was balanced so the output was 0 mV. This was done by
monitoring the output voltage with a digital multimeter, and adjusting the poten-
tiometers until the voltage dropped to zero. With no force on the pin, the chart
recorder was adjusted such that the pen was on the zero line. Second, a weight of 50g
was hung so as to exert a tangential force on the arm at the pin, to simulate a known
tangenital force. The voltage input to the bridge circuit was then adjusted until the
chart recorder pen was over the line designated to be a 50 g friction force.
The lubricants were deposited on the silicon in the following manner. The liquid
lubricants, dodecane and hexadecane, were deposited with an eye-dropper until a film
covered the disk. The stearic acid was applied to the wafers by first dissolving it in
isopropyl alcohol. The wafer was dipped in the mixture and was slowly drawn out,
leaving a thin film on the surface. The alcohol was allowed to evaporate, leaving a
thin film of stearic acid on the surface of the wafer.
Once the slider, silicon wafer, and lubricant were in place, the motor was started.
The test ran until the pin had slid for ten meters. The radial position of the pin was
changed, and a new test was run.
3.3 Raman Spectroscopy
The Raman Spectroscopy experiments were done in three parts. First, the spectra of
a bulk sample of the lubricants were taken. Using this data, molecular vibrations were
assigned to each of the Raman peaks. Next, the spectra of the lubricant adsorbed
on a silicon surface was examined. Differences between this spectra and the bulk
spectra give clues as to which bonds are being stretched or bent by the adsorption
mechanism. Finally, the lubricant at a contact interface was studied. The spectra
was collected through a quartz lens which was in contact with a silicon wafer. The
pressure at the interface was varied by adjusting the weight on a end of the lever
arm which held the quartz lens in place. First, the equipment used will be presented,
followed by a description of the procedure used to take the data.
3.3.1 Apparatus
Raman Equipment
A schematic of a basic Raman spectroscopy setup is shown in Figure 3-8. The laser
beam was focused on the sample. It is important for the laser to have a narrow
spectral line, so that the incident radiation is all at the same frequency. If this is not
the case, the Raman bands will be very wide. After the beam hits the sample and the
Raman effect has taken place, the scattered radiation is collected, and the exciting
frequency is filitered out. Usually this filtering is done with either an optical filter
or a dichroic mirror. The radiation then enters a monochromator or a spectrograph,
which acts as a prism to separate the colors of the light. The resolution of the
instrument depends on the grating which is in the monochromator. The more lines in
the grating, the better the colors are separated. From the monochromator, the light
hits a detector, using a CCD (charge-coupled device) camera. A CCD detector is a
multichannel detector, because it collects the entire spectral range all at once.
CCD Detector
Sample
Monochromator
Laser
Computer
Figure 3-8: Schematic of the Raman apparatus.
The laser used in these experiments emits at 407 nm, in the violet region. This
wavelength can cause flouresence in a sample if impurities are present. This laser
was chosen because the intensity of the scattered radiation scales to the fourth power
of the frequency [41], so a more powerful laser was used. It is not feasable to use a
laser in the UV region because the radiation will be too powerful and will affect the
sample. A Coherent Innova 90-K Krypton Ion Laser emitting at 407 nm was used.
The power of the laser was approximately 150 mW. The diameter of the beam was
approxiamtely 1 mm.
The scattered radiation was collected at 1800 to the incident beam, otherwise
known as a backscattering configuration. An optical filter was used to eliminate the
407 nm radiation from the signal.
The monochromator used was a Spex 1677 Monochromator. The grating had
1200 lines/mm, and the monochromator slit was set at 200 pm for the measurements.
The grating is large enough that the CCD camera cannot take a picture of the entire
spectrum of interest at once. Part of the spectrum was recorded at a time by adjusting
the wavelength of the light which hit the center of the CCD camera. This is done
through a controller, which simply allows the user to set the center wavelength. A
number of windows of the spectrum can later be fit together to form the entire
spectrum.
A Princeton Instruments, Back Thinned 512x512 Pixel CCD detector was used
to gather the spectrum. The data from the CCD camera was downloaded on to a
486 PC. The software used to gather the data is called CSMA (CCD Spectroscopic
MUltichannel Analysis Software).
The resolution of the Raman system is approximately 4 cm - .
Test Specific Equipment
No special equipment was used to take the spectra of the bulk lubricants. The lubri-
cant was put in a thin vial and placed in the sample holder which keep the vial in
the path of the beam. The spectra of the lubricant adsorbed on silicon was taken in
the same manner. The silicon wafer was held in place vertically on the sample holder
with double-stick tape.
The apparatus for taking the spectrum of the lubricant at a contact point was
more complicated. The top view of the apparatus is shown in Figure 3-9 and the side
view in Figure 3-10. The apparatus was originally designed to fit under a microscope
for use with a Raman microprobe, so the height from the bottom of the base plate to
the top of the quartz lens is less than an inch. Instead of being oriented horizontally,
as designed, the apparatus was mounted vertically in the path of the laser. This
modification was made to accomodate the Raman equipment used. The quartz lens
was 12.70 mm in diameter, and it had a raius of curvature of 22.923 mm on one side
only. The quartz lens was held in place by a lever arm, and pressure at the contact
point was applied by hanging a deadweight load off the end of the lever. The load
was placed far from the contact so it would not interfere with the objectives of the
microscope which the apparatus was designed to be used with. The distance from the
loading point to the pivot was twice the distance from the ball to the pivot, so the load
at the contact point was easily calculated. Once the load was known, the pressure at
the contact can be estimated using the Hertzian contact analysis presented earlier.
The sample cart was actuated by having a loaded spring on one side of the cart and
a cam attached to a motor on the other side. The cart sat in a groove, leaving it only
one degree of freedom when the load was in place. The cart moved with the cam, and
was held against the cam by the spring. A 12V variable speed DC motor rotated the
cam. The speed of the motor could be adjusted from 1-37 rpm. Each revolution of
the cam moved the sample cart 9.5 mm, back to its original position. The maximum
cart speed was 7 mm/s.
The apparatus was made with aluminum whenever possible, since aluminum does
not give off a Raman signal. The lever arm was made with steel so the deflection of
the beam due to loading would be negligible. The beam should not deflect too much,
or else the beam will contact the sample cart as well as the sample.
A digital photo of the apparatus and the Raman equipment is shown in Figure 3-
11. The monochromator is visible on the left, and the motor of the apparatus is
visible on the right. The large gray cylinder in the center of the photo is the CCD
camera.
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Figure 3-9: Top view of the contact point Raman apparatus.
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Figure 3-10: Side view of the contact point Raman apparatus.
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Figure 3-11: Digital photo of the apparatus and the Raman equipment.
3.3.2 Procedure
Operation of Raman Equipment
Before taking data with the Raman system, it was necessary to cool the CCD camera
with liquid nitrogen for about an hour before data were to be taken. The laser also
needed to warm up for about 15 minutes. Once all of the components are operational,
the optics are adjusted so that the beam enters the monochromator slit.
At this point the apparatus was ready to take a spectrum. The sample was placed
in the sample holder, and the position of the sample was adjusted with micrometers
until the Raman signal was at a maximum. The wavelength of the light collected at
the center of the CCD camera was then adjusted using the monochromator controller.
The data were then gathered by the CCD and saved on the computer. The
computer allows the user to set the exposure time of each frame and to set the
number of frames to be taken and added together. The bulk lubricant used a frame
exposure time of 0.2 sec and each signal was the sum of five frames. With the lubricant
adsorbed on the silicon surface, the signal was weak. Thus exposure lasted 1 sec and
twenty exposures were added together to get the final signal. For the lubricant at the
contact point, and exposure time of 1 sec was also used, and twenty exposures were
added together.
Every time the region of the spectrum detected by the CCD was changed, the
data needed recalibration. Calibration was accomplished by taking the spectrum
of a known substance or the spectrum of the lines of a laser lamp. The calibration
spectrum was later processed to obtain a wavenumber shift for each pixel on the CCD
chip.
Calibration
Calibration of the instrument was accomplished during data processing, after all of
the data had been gathered. The output from the CCD camera gave the spectrum
as a function of pixels on the CCD camera. The peaks of the calibration spectrum
were compared with those of the known spectrum for that compound/laser. The
actual wavenumber shifts for these peaks are known extremely accurately. The pixel
numbers of the recorded peaks were fitted to the known wavenumber shift using the
least squares method. The larger the number of peaks in the calibration spectrum,
the higher the order of the polynomial generated. This polynomial was then used
to convert the entire range of pixel numbers into wavenumber shifts. This scale was
then applied to all of the data which was gathered at that session. For the high
frequency region studied, Kr + plasma lines were used for the calibration, and DMF
(dimethylformamine) was used in the low frequency region.
Chapter 4
Results
4.1 Friction Coefficients
First, a test was run to determine whether or not the system was operating in the
boundary lubrication regime. This was accomplished by varying only the speed. If
a condition of mixed or hydrodynamic lubrication exists, the coefficient of friction
should vary with the speed. A test was conducted with the AISI 52100 steel pin,
dodecane, and 20 g load. This load was chosen because it was the smallest under
consideration, and larger loads are likely to push the system into boundary lubrica-
tion. Therefore, the 20 g load was the worst case scenario. The speeds used were
1 cm/s, 5 cm/s, 10 cm/s, and 15 cm/s. This range of speeds corresponds to the range
of speeds available with the current motor. The coefficient of friction was constant
between 5 and 15 cm/s. It was slightly higher for 1 cm/s, but the motion of the motor
was not smooth at that speed. Therefore, speeds of 5 cm/s and 10 cm/s were chosen
for the friction tests.
The complete list of speeds and loads used for each combination of slider and
lubricant is shown in Table 4.1. In each test, the sliding distance was 10 m. The
results of the tests with the steel pin are shown in Table 4.2 and the results with the
sapphire ball are shown in Table 4.3. No tests were conducted with the quartz lens
due to time constraints.
The results of the experiments with the steel slider are as expected. The liquid lu-
Table 4.1: Test matrix of load and speed combinations.
Test # ]Speed [cm/s] Load [g]
1 5 20
2 5 50
3 5 100
4 10 20
5 10 50
6 10 100
Table 4.2: Results with AISI 52100 steel pin.
Test # Coefficient of Friction
Dry Dodecane Hexadecane Stearic Acid
1 0.225-0.275 0.125-0.225 0.25-0.3 0.15-0.2
2 0.9-0.94 0.16-0.2 0.14-0.17 0.12-0.18
3 1.0 0.12-0.16 0.14-0.18 0.08-0.12
4 0.25-0.35 0.125-0.175 0.25 0.15-0.25
5 0.9-0.96 0.1-0.14 0.18-0.24 0.12-0.18
6 1.0-1.1 0.1-0.15 0.15-0.2 0.06-0.12
Table 4.3: Results with sapphire ball.
Test # Coefficient of Friction
Dry Dodecane Hexadecane Stearic Acid
1 0.25-0.3 0.15-0.2 0.2-0.5 0.15-0.18
2 0.5-0.58 0.24-0.32 0.12-0.2 0.0.15-0.19
3 0.5-0.6 0.15-0.2 0.09-0.16 0.16-0.19
4 0.4-0.5 0.15-0.2 0.05-0.1 0.20-0.25
5 0.24-0.36 0.2-0.22 0.06-0.18 0.16-0.20
6 0.15-0.18 0.06-0.09 0.06-0.1 0.18-0.20
bricants, dodecane and hexadecane, performed similarly in all tests. In many of these
tests, the friction force caused the beam holding the pin to vibrate, creating a condi-
tion known as stick-slip. This accounts for much of the variation in the coefficient of
friction in some of the tests. Stick slip is a system problem, and not a characteristic of
the contact alone. Stearic acid lubricated the contact more effectively than dodecane
and hexadecane.
The results of the tests with the sapphire ball are similar for dodecane and hex-
adecane. The coefficient of friction given for stearic acid is the initial coefficient of
friction. After about 1 m of sliding, the coefficient of friction rapidly increases to
twice its initial level. This is due to the fact that the stearic acid is removed from
the silicon surface. In the case of the steel pin, the stearic acid adhered to the pin,
thereby causing effective lubrication.
4.2 Raman Spectra
This section presents the spectra gathered during the Raman spectroscopy experi-
ments. First, the parameter space for the experiments is described. Next, the spec-
trum of the bulk lubricants is shown and is compared with published results. The
lubricant was then deposited on a silicon surface, forming an adsorbed layer. The
spectra taken of these layers are presented. The adsorbed lubricant was then exposed
to a second surface and loaded. The spectra of the lubricant were taken at these
contacts. Finally, the lubricant was sheared by moving one surface relative to the
other, and the corresponding spectra were gathered.
4.2.1 Parameter Space
The spectra presented here were taken at room temperature (20 'C). The load applied
at the contact was varied from 100g to 500g in increments of 100g. This is close to the
range of load for which Gee et al. [11] reported solid-like behavior for confined liquids.
The maximum load chosen was 500g because the lever arm touched the sample cart
at higher loads. The load chosen for the shear experiments was 500g. The higher
load was chosen to promote wear and eliminate the lubricant from the contact area.
The spectra of the lubricant at the contact after shearing was examined at various
points during the sliding test. The shearing was stopped so that the spectrum of
the lubricant could be gathered after 100, 200, 500, and 1000 cycles (approximately
1, 2, 5, and 10 m respectively). The same parameter space was used for all three
lubricants.
The data were taken in two different spectral ranges. The spectra were gathered
in the high frequency region from 2400 to 3300 cm-'. The goal was to see the
effect of normal load and shearing on the C-H stretching modes of the lubricants.
These vibrations are generally sensitive to changes in the local environment. The low
frequency region from 300 to 1200 cm - 1 was also examined. The first order Raman
scattering of silicon occurs in this region, and it was examined to see if adsorption of
lubricants on silicon affected the vibrations of silicon.
4.2.2 Spectra of Bulk Samples of the Lubricant
The spectra of bulk samples of the three lubricants are shown in Figure 4-1 for the
high frequency region and in Figure 4-2 for the low frequency region. As can be seen
in Tables 4.4 and 4.6, the observed spectra are in good agreement with the published
spectra. The band assignments for the peaks in the high frequency region is given
in Table 4.5. The frequencies given are for alkanes. The peaks of the lubricants in
the low frequency region are due to the skeletal stretching modes, which get very
complicated for long chain molecules.
The terms peak shift and wavenumber shift are used interchangably in this thesis.
The definition of this term is as follows.
1 1
Wavenumbershi ft = (4.1)
Ascattered Aincident
where A is in centimeters. This term is used extensively in the presentation of the
data.
The spectra for stearic acid are also shown in graphical form, since many of the
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Figure 4-1: Spectra of bulk sample of the lubricants in the C-H stretching region.
Table 4.4: Comparison of peak shifts in the C-H stretching region of bulk lubricants
to published results.
Source Peak Shift [cm - 1]
Dodecane
Published [33] 2853 2879 2892 2936 2962
Observed 2859 2886 2894 2933 2964
Hexadecane
Published [33] 2851 2881 2892 2937 2962
Observed 2859 2886 2896 2934 2962
Stearic Acid
Published [31] n/a 2880 n/a 2922 n/a
Observed 2854 2886 2908 2931 2962 3045 3055 3199
Table 4.5: Band assignments [26] for the bulk lubricants in the high frequency region.
Vibration Published Dodecane Hexadecane Stearic Acid
Frequency [cm-1] Observed Observed Observed
CH2 symmetric str. 2843-2863 2859 2859 2854
CH 3 symmetric str. 2862-2882 2886 2886 2886
CH 2 antisymmetric str. 2916-2936 2933 2934 2931
CH 3 antisymmetric str. 2952-2972 2964 2962 2962
peaks in the spectrum were not given in terms of wavenumbers. The spectrum of
stearic acid in the low and high frequency regions is shown in Figures 4-3 and 4-4.
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Figure 4-2: Spectra of bulk sample of the lubricants in the low frequency region.
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Table 4.6: Comparison of peak shifts in the low frequency region of bulk lubricants
to published results.
Source Peak Shift [cm - ' ]
Dodecane
Published [33] 846 870 892 962 1062 1081 11133
Observed 847 873 894 968 1067 1081 1132
H.exadecane
Published [33] 840 869 892 960 1027 1063 1082 1133
Observed 847 875 894 964 1033 1067 1081 1134
Stearic Acid
Published [31] 887 940 1057 1123
Observed 892 907 1060 1100 1126
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Figure 4-3: Spectrum of stearic acid in the C-H stretching region [31].
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Figure 4-4: Spectrum of stearic acid in the low frequency region [31].
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Table 4.7: Kr + plasma lines.
Wavenumber difference from the Rayleigh line [cm - ]2741 2921 2939 3008 3124 3223
4.2.3 Lubricant Adsorption on Silicon
The spectra of the adsorbed lubricant in the high frequency region have an added
component due to the Kr+ plasma lines. The lines were not totally filtered out by
the monochromator through which the incident laser beam passes through. Since the
silicon wafer is highly polished, it may have acted as a mirror to reflect the incident
light towards the monochromator slit. When the silicon is at the focal point of the
incoming light, the Kr+ plasma lines are reflected and recorded with the rest of the
signal. These lines can be noticed in many of the spectra recorded. However, it
does provide a guide as to where the laser is focusing on the sample, since the silicon
surface must be at the focus of the lens for the lines to be seen.
The Kr + plasma lines are shown in Figure 4-5 and Table 4.7. It is important to
keep these lines in mind when examining subsequent data.
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Figure 4-5: Spectrum of Kr + plasma lines.
Silicon has only one major peak, due to the vibration of the silicon lattice, which is
located in the low frequency region [28]. There is also some secondary scattering which
is visible in the range of 950-1000 cm - 1 [28, 35]. The spectrum of silicon observed
is shown in Figure 4-6. This peak occurs at 515 cm - 1. Published results put the
I I I I I I II I
peak around 520 cm - 1 [28]. A published silicon spectrum is given in Figure 4-7 for
comparison.
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Figure 4-6: Spectrum of silicon.
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Figure 4-7: Published spectra of silicon using different polarizations [35].
The spectra of the adsorbed lubricants in the high frequency region are shown in
Figure 4-8, and the peak values are given in Table 4.8. Note the two new peaks in
the spectra of dodecane and hexadecane.
300
I I I I I
Hexadecane
II I I I I I
2700 2800 2900 3000Wavenumber Shift [cm 1] 3100 3200 3300
Figure 4-8: Spectra of lubricants adsorbed on a free silicon surface in the C-H stretch-
ing region.
Table 4.8: Peak shifts of adsorbed lubricants on silicon in the C-H stretching region.
Lubricant Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Dodecane 2896 3041 3080 3205
Hexadecane 3049 3089 3183 3202
Stearic Acid 2853 2885 2930 2964 3042 3203
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The spectra of the adsorbed lubricants in the low frequency region are shown in
Figure 4-9, and the peak values are given in Table 4.9.
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Figure 4-9: Spectra of lubricants adsorbed on a free silicon surface in the low frequency
region.
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Table 4.9: Peak shifts of adsorbed lubricants on silicon in the low frequency region.
Lubricant
Dodecane
Hexadecane
Stearic Acid
Pea
510
512
512
·
Table 4.10: Comparison of peaks of bulk dodecane with and without the quartz lens
slider.
Condition Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
Without lens 2859 2886 2894 2933 2964
With lens 2856 2881 2891 2929 2959
4.2.4 Lubricants at Contact but Without Shear
Before the lubricant at the contact point could be studied, the effect of the quartz lens
slider on the spectra gathered needed to be determined. This was accomplished by
placing the quartz lens between the bulk sample of dodecane and the monochromator
slit, and comparing the spectrum gathered to that without the lens. The spectrum
taken with the lens is shown in Figure 4-10. This spectra is compared with the one
shown earlier in Figure 4-1, and a comparsion of the peak values is given in Table 4.10.
Therefore, the quartz lens has no effect in the high frequency region.
The effect of the quartz lens on the low frequency region is significant. The
spectrum of dodecane at the contact point is shown in Figure 4-11. This spectrum
matches almost exactly with that of a published spectrum for quartz, which is given in
Figure 4-12. The only noticable difference is that the observed spectrum also includes
the peak for silicon around 515 cm - 1. The behavior of the lubricants at the contact
point was not studied in the low frequency region because of the strong Raman signal
given off by the quartz.
The spectra of the lubricants taken at the contact points are shown in Figures 4-
13, 4-14, and 4-15 for dodecane, hexadecane, and stearic acid respectively. Both the
dodecane and hexadecane spectra show the signal of the bulk lubricant. Originally,
the bulk signal was strong enough to hide the higher frequency peaks which are not
present in the bulk signal. This is due to a meniscus which forms at the contact point
due to the curvature of the quartz lens. The samples of dodecane and hexadecane
were allowed to dry for an hour before the tests were run in order to alleviate the
problem, and the spectra gathered are those shown.
The peak locations are given in Tables 4.11, 4.12, and 4.13 for dodecane, hexade-
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Figure 4-10: Spectra of dodecane with and without the quartz lens.
Table 4.11: Peak shifts of dodecane at the contact subjected to different loads.
Load Peak Shift [cm- 1]
100g 2855 2898 2930 2953 3001 3040 3122 3200 3205
200g 2853 2898 2930 2962 3003 3040 3118 3202 3205
300g 2855 2898 2928 2964 2999 3041 3115 3200 3205
400g 2853 2898 2930 2999 3041 3115 3200 3205
500g 2855 2896 2930 2958 2999 3041 3117 3205
Table 4.12: Peak shifts of hexadecane at the contact subjected to different loads.
Load Peak Shift [cm - 1]
100g 2853 2882 2895 2930 2961 3000 3038 3115 3202
200g 2852 2895 2930 2961 3000 3040 3115 3202
300g 2852 2896 2930 2957 3000 3040 3114 3204
400g 2852 2896 2930 2962 3000 3040 3115 3202
500g 2853 2896 2930 2958 3000 3040 3115 3202
cane, and stearic acid respectively. Note that some peaks show up more strongly than
others in the spectra. The location of some peaks for some spectra are not reported
due to the weakness of the signal for those peaks.
Table 4.13: Peak shifts of stearic acid at the contact subjected to different loads.
Load Peak Shift [cm - 1]
100g 2848 2880 2928 2960
200g 2848 2880 2928 2962
300g 2848 2880 2928 2962
400g 2848 2880 2930 2960
500g 2848 2880 2930 2962
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Figure 4-11: Spectrum of dodecane at the contact in the low frequency region.
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Figure 4-12: Published spectrum of quartz with perpendicular (top curve) and parallel
(bottom curve) polarizations [36].
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Figure 4-13: Spectra of dodecane at the contact.
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Figure 4-14: Spectra of hexadecane at the contact.
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Figure 4-15: Spectra of stearic acid at the contact.
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Table 4.14: Peak shifts of dodecane at the contact after shear.
# cycles Peak Shift [cm- 1]
0 2855 2896 2930 2958 2999 3041 3117 3205
100 2852 2891 2932 2957 3034 3198
200 2853 2891 2932 2955 3034 3198
500 2853 2891 2932 2957 3034 3198
1000 2853 2893 2932 2955 3036 3198
Table 4.15: Peak shifts of hexadecane at the contact after shear.
0 2853 2896 2930 2958 3000 3040 3115 3202
100 2853 2896 2911 2930 2959 3000 3040 3115 3204
200 2853 2895 2930 2957 3000 3040 3065 3115 3204
500 2852 2896 2930 2961 3000 3040 3206
1000 2852 2895 2930 2961 3000 3040 3115 3206
3700 2853 2893 2930 2962 3037 3202
4.2.5 Lubricant at Contact With Shear
The spectra of the lubricants taken at the contact points with shear are shown in
Figures 4-16, 4-17, and 4-18 for dodecane, hexadecane, and stearic acid respectively.
The locations of the peaks of these spectra are given in Tables 4.14, 4.15, and 4.16.
The hexadecane sample was sheared for an additional hour to promote wear, and
perhaps cause a change in the Raman signal due to the breakdown of the lubricant
film. Even after 3700 cycles, the spectrum did not show much change, but wear tracks
were present on the silicon, and wear debris was deposited on the quartz lens.
There is some small variations in the data, due to the fact that the laser beam is
not always pointing at the same spot on the silicon surface. The silicon surface moves
during shear, and the sample was returned as close as possible to its starting position.
However, if the position of the sample was changed by 1 mm, the laser beam would
hit a different spot on the silicon surface.
Additional tests were performed on the dodecane sample to attempt to determine
the orientation of the lubricant. The intensity of some Raman peaks change with re-
# cycles I Peak Shift [cm- 1]
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Figure 4-16: Spectra of dodecane at the contact after shear.
Table 4.16: Peak shifts of stearic acid at the contact after shear.
# cycles Peak Shift [cm - 1]
0 2848 2880 2930 2962
100 2852 2882 2935 3001 3127 3224
200 2850 2884 2934 3010 3122 3221
500 2855 2882 2934 3006 3127
1000 2853 2882 2941
2600
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Figure 4-17: Spectra of hexadecane at the contact after shear.
68
2600 2700 2800 2900 3000 3100 3200 3300Wavenumber Shift [cm - ']
Figure 4-18: Spectra of stearic acid at the contact after shear.
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Table 4.17: Peak shifts of dodecane at the contact after 1000 cycles of shear, sample
at different angles.
Angle Peak Shift [cm - 1]
00 2859 2933 2966 3066 3090 3188 3202
450 2861 2886 2898 2922 2936 2966 3062 3092 3197
900 2859 2894 2933 2964 3046 3064 3207
spect to the polarization of the exciting photons and the polarization of the scattered
photons. The ratio of the intensity of the Raman peak when the scattered photons
have their polarization parallel to the incident photons to the intensity of the peak
when the scattered photons have perpendicular polarization is called the depolariza-
tion ratio. The laser light incident on the sample is already polarized in the vertical
direction. The grating in the monochromator is more sensitive to some polarizations
than others, so it also can act as a polarizer. The depolarization ratio of a peak is
at its maximum when the polarization of the incident beam is in the same direction
as the bond for which the peak corresponds to. The sample was rotated around the
center of the incident laser beam, in changing the angle between the polarization of
the incident beam and the principal crystal direction of silicon. The depolarization
ratio could not be measured since the monochromator could not be rotated relative
to the laser. For a better measure of the orientation, polarized Raman spectroscopy
must be performed with the proper equipment. Data were taken at angles of 0O (nor-
inal orientation), 450, and 900. The apparatus had to be moved significantly to make
these measurements, so the beam had to be refocused for each measurement.
The spectra gathered are shown in Figure 4-19, and the peak locations are given
in Table 4.17.
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Figure 4-19: Spectra of dodecane at the contact after 1000 cycles of shearing with
different sample orientations.
Chapter 5
Discussion
5.1 Friction Coefficient
The friction coefficient for both dodecane and hexadecane are nearly identical for both
the steel pin and sapphire ball. This behavior was expected because the lubricants
have a similar chemical structure. The stearic acid, however, had very different
behavior for the steel pin and sapphire ball. The stearic acid lubricated the steel pin
and silicon disk well, because it adhered to the steel pin. It has been theorized that
the stearic acid becomes chemically bonded to the metal by forming acid salts [6].
These salts cannot form in the case of the sapphire pin sliding on the silicon disk,
which may account for the removal of the stearic acid from the surface after sliding
for only 1 m (see Section 4.1).
5.2 Raman Spectra of Bulk Lubricants
The bulk lubricant spectra match the published spectra for dodecane and hexadecane,
although there are some differences for stearic acid. The peaks observed for stearic
acid around 3050 and 3200 cm - 1 are not in the published spectrum. These peaks are
not believed to be artifacts of the Raman system, even though they show up in many
of the spectra presented. First, they are not in the spectra of the bulk samples of
dodecane and hexadecane. Second, they do not match with any of the Kr + plasma
lines. Third, the apparatus needed to be focused very carefully for these lines to
become visible. They are not due to reflections off the silicon surface, like the Kr+
plasma lines, because they had a different focusing point from the plasma lines. These
peaks are also sensitive to the rotation of the sample around the beam axis, as shown
in Figure 4-19.
5.3 Spectra of Lubricant Adsorbed on Silicon
The adsorption mechanism of dodecane is represented by three peaks, at approxi-
amtely 2900, 3050, and 3200 cm-'. The peak at 2900 cm-' is in the middle of the
C-H stretching region of dodecane. This peak is extremely close to the antisymmetric
CH 3 stretch at 2884 cm -1 [26]. However, since the vibrational characteristics of the
molecules change upon adsorption, it is unlikely that this peak corresponds directly
to any of the peaks in the C-H stretching region. Studies using the deuterated form
of dodecane are necessary to determine the vibration corresponding to this peak.
The spectrum of adsorbed stearic acid is identical to that of the bulk sample.
Since the stearic acid is opaque, the laser may not penetrate far enough through the
layers of stearic acid to probe the molecules adsorbed on the silicon surface. This
would have the effect of hiding the molecules adsorbed on the surface, masking the
adsorption mechanism, which would result in only the bulk lubricant undergoing
Raman scattering.
5.4 Spectrum of Lubricant at a Contact
The quartz lens does not have an effect on the location of the peaks. This is shown
in Figure 4-10, which compares the bulk signal of dodecane with and without the
presence of the quartz lens. The signals are indentical, so the quartz lens does not
have the effect of shifting the location of peaks. The lens does have the effect of
forming a meniscus of lubricant around the contact point. The size of the meniscus,
as viewed through the lens, is around 1 mm in diameter, which is much larger than
the contact area, which is around 50 pm in diameter. The laser beam is definitely
focused on the contact area, as evidenced by the adsoprtion peaks in the spectra
taken at the contact point (Figure 4-13). However, there is still the presence of the
bulk signal in these spectra.
All the peaks present in the spectrum of the adsorbed lubricant on the silicon
surface are also present in the spectra of the lubricant at the contact. There are no
additional peaks, except for those of the bulk lubricant, in the spectra of the contact
point under pressure (Figure 4-16). Adding the pressure at the contact does cause
the peak at 2900 cm - 1 to narrow, which is usually the result of molecular ordering.
However, the addition of shear does not change the spectrum of the lubricant at the
contact.
5.5 Lubricant at the Contact Subjected to Shear
The Raman signal from a sample is dependent on the volume of the sample being
examined. A weaker signal means that the laser beam is not focused on as much of
the sample. In Figures 4-16 and 4-17, the signal level remains constant throughout
the test, so the amount of lubricant at the contact point remains constant during
sliding. Figure 4-18 shows the results of stearic acid subjected to shear. The signal
level drops rapidly once shearing starts, and then holds constant at a much lower
level. The Raman peaks at 3050 and 3200 cm - 1 present in the Raman signal of bulk
stearic acid are not present for the sheared stearic acid (Figure 4-18), since most of
the bulk stearic acid had been rubbed clean off the surface. The friction experiments
showed that after sliding for about 1 m, the friction coefficient for sapphire sliding on
silicon with stearic acid approached that for dry sliding, meaning that the stearic acid
was removed from the sliding contact. The Raman spectra agree with these friction
tests.
Figure 4-19 shows the effect of changing the angle between the crystal directions
of the silicon sample and the polarization direction of the incident beam. The ref-
erence angle is when the <100> and <010> directions are horizontal and vertical,
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Figure 5-1: Scanning Tunneling Microscope image of the Si(001) surface [37].
respectively (sliding direction is vertical), and the incoming beam is polarized in the
vertical direction. The crystal directions of the sample are then rotated 450 and 900
from the reference angle. If the signal level of some of the peaks changes, then it is
possible to determine the direction in which the molecular vibrations corresponding
to that peak occur. The maximum signal obtained was in the 450 direction, which
indicates that the lubricant molecules are possibly aligned at a 450 angle to the sliding
direction.
Figure 5-1 shows a Scanning Tunneling Microscope picture of the [001] silicon
surface [37]. The white spots on the photo are Si atoms, and the blacks areas are
depressions. The line labeled A, which is drawn at a 450 angle to the principal crystal
directions, is parallel to the valleys between atoms on the surface. If the lubricant
molecules are oriented along these valleys, then they would be at a 450 angle to the
principal crystal directions and the sliding direction. Xia and Landman saw similar
results from a molecular dynamics simulation of alkanes on an Au(001) surface [40].
In that study, hexadecane was oriented on the surface in directions which depended
1 1
on the crystal structure.
The following model is proposed for the adsorption of the lubricant on the sili-
con(001) surface. All the three lubricants adsorb on the surface by a physisorption
process, since Si is not highly reactive at room temperature. In the case of dodecane
and hexadecane, the lubricant molecules lay in the valleys between atoms on the sil-
icon surface. Stearic acid has a different end group (COOH) and therefore may not
be able to lay in the valleys. Stearic acid lubricates metals by bonding through the
COOH group [6, 14]. Since stearic acid may not bond with the silicon, it is an ineffec-
tive lubricant for a glass sliding on silicon (Section 4.1). The method of adsorption is
much stronger for the dodecane and hexadecane. The Raman spectra after shear for
these lubricants show no change in the intensity of the signal, so the lubricant is not
worn off the surface. Much more data needs to be gathered before this hypothesis
can be confirmed, however.
Chapter 6
Conclusions
This chapter highlights the relevant points of the present investigation, showing that
it is indeed possible to study boundary lubricant films at a contact point using Raman
spectroscopy and provides recommendations for further study.
1. The lubricant samples did not exhibit any flouresence. When flouresence is
present in a signal, it has the effect of spreading the Rayleigh line to the point
that it totally masks the Raman signal. This oftentimes can become a problem
when exciting a sample at a short wavelength in the visible region.
2. The combination of silicon and quartz work well together for taking the Raman
spectrum at the interface. Neither of them have a signal in the C-H stretching
region, which means that any peaks present in that region are due to the lu-
bricant adsorbed on the surfaces. Silicon also has a well characterized crystal
structure, which allows the orientation of the lubricant molecules to be directly
related to the crystal structure.
3. It is possible to take the spectrum of a lubricant film at a contact point. There
is no doubt that signals from the lubricant at the contact have been gathered.
It is possible to obtain a signal from a few layers of lubricant, provided that the
incident photons have a small enough wavelength (400-500 nm).
4. This thesis shows that there is very little change in the Raman signal due to
changing the pressure at the contact for the pressure range studied. The meth-
ods of adsorption are identical for the free silicon surface and at the interface.
The higher pressure may just push the lubricant molecules deeper into the val-
leys, but does not change the adsorption mechanism or orientation. Therefore,
studies of certain lubricants on a free surface can be directly related to their
behavior at an interface.
5. A proposed method for the adsorption of dodecane and hexadecane was pre-
sented. Preliminary data points to an ordering of the lubricant in a direction
450 to the principal crystal directions. The valleys between the surface atoms
of silicon are in the same direction as the observed orientation direction. The
orientation in that direction can be explained if the lubricant molecules adsorb
to the surface by lying down in these valleys.
6. The effectiveness of the lubricants was based on the friction coefficient obtained
from the pin-on-disk tests. However, designers dealing with sliding application
are more concerned with wear than with the friction force. The wear of the
pins and disks needs to be measured to fully quantify the effectiveness of the
lubricants.
Further work needs to be done to gain a better understanding of boundary lu-
brication using Raman spectroscopy. First, the peaks observed in the spectrum of
the adsorbed lubricant need to be confirmed. To determine if these peaks are due to
adsorption, the sample needs to be heated past the desorption point. As soon as the
lubricant desorbs, the spectrum should change from that of the adsorbed lubricant
to that of the bulk lubricant. If these peaks do not disappear at that point, they are
not due to adsorption. Plans have been made for the modification of the apparatus
to accomodate heaters, which will be used to study the desorption behavior of the
lubricant.
Second, a full polarized Raman study needs to be undertaken to determine the
orientation of the lubricant on the silicon surface. These studies can be done without
the contact point, so the adsorption mechanism can be fully understood. These
studies will also confirm if the lubricant molecules lie on the surface at a 450 angle
to the principal crystal direction. Polarized Raman can then be done at the contact
point, to see how much the orientation of the lubricant molecules changes due to
pressure and shear.
Finally, micro-Raman studies need to be conducted on the contact point. Since
the Raman spectrum is gathered through a microscope, it is possible to use the
microscope objectives to focus the beam directly on the contact area more accurately.
This technique should eliminate much of the signal due to the bulk lubricant which
is seen in the spectrum of the contact.
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